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bhxiahhh noTiK iHTErpyiOHoro hekpoha 3 

BTPATAMH. I. Po3no/i,iji BHxiflHHx MbidMnyjiBCHHx iHTep- 

BajiiB 

OUTPUT STREAM OF LEAKY INTEGRATE AND FI¬ 
RE NEURON. I. Distribution of output interspike intervals 

ObaiicjieHO b HBHOMy Bimnafli ryCTHHy po3noflijiy HMOBipHOCTi BiixiflHHX MiadMnyjib- 
chhx iHTepBajiiB fljia mTerpyioaoro HefipoHa 3 BTpaTaMH CTiiMyjibOBaHoro npopecoM 
IlyaccoHa. He 3acTOCOByeTbca flucjacjaysiiiHe HabjuiaceHHa. OflepatamiH po3no^iji xapa- 
KTeproyeTbca biMOflajibHicTio npn neBHiix 3HaaeHHax napaMeTpiB. 

Probability density function of output interspike intervals is found in exact form 
for leaky integrate and fire neuron stimulated with Poisson stream. The diffusion 
approximation is not used. The distribution found can be bimodal for some values of 
parameters. 


1 BcTyn 

iHTerpyiOHHH HenpoH 3 BTpaTaMH, [1], n,e HanSijibm BaamaHa MaTeMaTiiaHa MOflejib 
HeiipoHa b TeopeTHMHHx HeiipoHayicax, m,o noacHioeTbCH ii bIahochoio npocTOTOio, /pm. 
Po3fliji 2.1. Pa30M 3 thm, fljia n,ie'i MOflejii 3aflaaa 3Haxo,a,a<BHHa HMOBipHOCHoro po3no- 
flijiy /i,ob>khh BiixiflHHx MiadMnyjibCHHx iHTepBajiiB npn CTHMynaipi noroKOM nyacco- 
Ha He po3B’a3aHa. HacTKOBO u,e noacHioeTbca thm, id,o iMnyjibc, OflepatamiH HenpoHOM 
po3na/i,aeTbCH 3a noKa3HHKOBHM 3aKOHOM i iioro 3ajiHmoK Moace 6yTii npiicyTHiii b Hen- 
pom npoTarOM aacy, hkhii obMeacyeTbca tIjibkh momchtom HacTynHOro nocTpijiy 1 . 

HncjieHHi pe3yjibTaTH mo flo onucy BiixiflHoro noTOKy oflepacaHO npn 3acTOcyBaH- 
Hi flH<J>4)y3iHHoro HabjinaceHHH, phb. orjiafl [2]. B flHcjxjiysiHHOMy HabjuiaceHm aa- 
cobhh xifl MeMbpaHHoro noTeHpiajiy (BejinaiiHii 36ya,aceHHa) onncyeTbca hk npopecc 
OpHmTeiiHa-yaeH6eKa, [3]. npn n,bOMy obaiicjnoeTbca cepe,a,He MiadMnyjibCHHx BHxi- 
flHra iHTepBajiiB i ixhh flncnepcia. MMOBipHOcmiii po3nofliji flOBaara MiadMnyjibCHHx 
iHTepBajiiB onncyeTbca 3,a,ebi,nbHioro HabjmaceHO b cnjiy CKjiaflHOCTi obaHCJieHHa po3- 
noflijiy aaciB nepmoro flocarHeHHa nopory fljia npopecy OpHmTeHHa-YjieH6eKa, flHB. 

Ml- 

3acTOcyBaHHH fliHfcfy^iiHoro HabjuiaceHHa e ,n,OH,ijibHHM kojih pjia flocarHeHHa 
noporoBoro 36yflaceHHa noTpibHO baraTO BxiflHHx iMnyjibciB, aid HaflxoflaTb aepe3 ko- 
poTKi npoMiacKH aacy. Taxa CHTyapia Mae Micn,e fljia fleaiaix HeiipomB, [5]. Pa30M 3 
thm, icHyiOTb HenpoHii, fljia 3byn,aceHHa hkhx noTpibHa HeBeaHKa KijibKicTb BxiflHiix 
iMnyabciB, noaiiHaioaH 3 flBOx, [6, 7]. Ttaa TaKiix HeiipomB fliut'feysiriHe HabjuiaceHHa 
He byfle obrpyHTOBamiM. 

1 B aHrjiOMOBHHx po6oTax BaoiBaeTBCH TepMiH “firing moment”. Ife TaKiifi momcht, kojih /p> 
caraeTBca noporoBe 3byjpKeHHH i HefipoH nocnjiae bhxIjihhh iMnyjiBC nicjia aoro noBepTaeTBca 
;p» cTany cnoKOio. 



B pin po6oTi o6nHCJHoeTbCH rycTHHa HMOBipHOCTi po3noflijiy pobikhh BiixipHiix 
Mi>KiMnyjibCHHx iHTepBajiiB 6e3 3acTOcyBaHHa flH<J>4)y3mHoro Ha6jiHJKeHHa. Mojkjih- 
BicTb TaKoro o6nHCJieHHH 3a6e3neMyeTbca HaKjiapeHHMH o6Me:aceHHHMH Ha cniBBipHO- 
meHHH Mine BejiHHHHaMii BxiflHoro iMnyjibcy i noporoBoro 36yfl>KeHHH, ^hb. (1), hidk- 
ne. 3HaHeHHH rycTHHH HMOBipHOCTi fljia neBHo'i pobikhhh MbidMnyjibCHoro iHTepBajiy 
t oflepjKyeTBCH b Burjinpi CKiHHeHHo'i cyMMH KpaTHiix iHTerpajiiB. 

2 IIocTaHOBKa sa^ani 

2.1 03HaneHHa iHTerpyiOHoro HeftpoHa 3 BTpaTaMH 

iHTerpyiOHHH HeiipoH 3 BTpaTaMH (IHB) 2 xapaKTepn3yeTBCH TptOMa ho3hthbhhmh 
KOHCTaHTaMH: 

1. t — nac pejiaKcapii, 

2. Vo — nopir 36yfl>KeHHH, 

3. h — BejiiiHHHa BxipHoro iMnyjitcy. 

BiflHOCHO h i Vo mh po6hmo HacTynHe npunymeHHH: 

0<h<V o <2h. (1) 

B 6yn,b-sKHH mombht l € [0;oo[ cthh IHB xapaKTepn3y€TBCH HeBip’eMHHM piii- 

CHHM HHCJIOM V (l), HKe ffiTepnpeTyeTbCH HK BiflXHJieHHH TpaHCMeM6paHH01 pi3HHH,i 
noTeHH,iajiiB Bifl CTaHy cnoKOio b 6ik flenojiapnaapii, a6o hihihmh cjiOBaMH BejiiiHHHa 
36yfl>KeHHH. TyT BBancaeTbCH, ipo b CTaHi cnoKOio V = 0, a flenojiHpH3au,ii'/36yfl>KeHHio 
BiflnoBiflae no3HTHBHe 3HaneHH5i V. 

HaaBHicTB BTpaT 03Hanae, ipo 3 a BipcyTHOCTi 30BHiniHix CTHMyjiiB BejiiiHHHa V ( l ) 
eKcnoHeHpiiiHO 3MeHHiyeTbca: 

V(l + s) = V(l)e~T, s> 0. (2) 

Bxipm CTHMyjiH — n,e Bxipm iMnyjibcu. OpepucaHHH BxipHoro iMnyjitcy b mombht 
l niflBHmye V ( l ) Ha BejniHiray h: 

V(l)-*V(l) + h. (3) 

HeiipoH xapaKTepH3yeTBCH noporoBHM 3HaneHHHM 36yfliKeHHH Vo- Octhhhc 03Ha- 
nae, 111,0 hk tIjibkh BHKOHaHO yMOBy V(l) > Vo, IHB CTpijiae, t.t. reHepye Biixypniii 
iMnyjibc, hkhh b 6iojioriHHiii jiiTepaTypi Ha3HBaeTbCH cnaiiK, i nepexopHTb b cthh cno- 
KOK), V ( l ) = 0. 

3 (2) i (3) BiinjiiiBae, 111,0 IHB Monce 3reHepyBaTii BiixipHiiii iMnyjibc tIjibkh b 
MOM eHT oflepiKaHHH BxiflHoro. U(e y3rofliKyeTbCH 3 noBepiHKOio peajibHiix HeiipoHiB 3 
neBHOio Mipoio tohhoctl YMOBa (1) 03Hanae, iu,o opHoro BxipHoro iMnyjitcy, 3acT0- 
coBaHoro pp IHB b CTaHi cnoKOio, He pociiTb pjia nocTpijiy, ajie bike pBa BxiflHiix 
iMnyjibcu, OTpHMaHi 3 a KopoTKini npoMiiKOK nacy, MOncyTb 36yfliiTH IHB pocTaTHto 
fljia reHepapi'i BiixipHoro iMnyjibcy 3 . Mh npiiiiHHjiH o6Me>KeHHH (1), ocidjibKH 3anpo- 
noHOBaHHH HHiKne MaTeMaTHHHHH MeTOfl BiirjiHflae npo3opime npn BHKOHaHHi (1). 
Pa30M 3 thm, flieBicTb 3anponoHOBaHoro MeTopy npn BHKOHaHHi 3aMicTb (1) yMOBH 
2h < Vo < 3h i iHHiHx aHajioriHHiix yMOB He biik jiionaeTbCH. 

2 B aHrjiOMOBHiii JiiTepaTypi — leaky integrate and fire (LIF). 

3 B aHrjiOMOBHHx CTaTrax 3aMicTb u 36yzi,HTH HeiipoH ,u,ocTaTHbO ^jih reHepapff BHxi^Horo 
iMnyjibcy” B^KHBaeTbCH TepMiH “to trigger neuron”. 
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2.2 Oiihc npopecy IlyaccoHa 

BBaacaeTbCH, ipo IHB opepixye Bxipm iMnyjibcn Bip CTOxacTHHHoro npopecy ITyacco- 
Ha. IJe npiinyipeHHa e neBHHM HaOjinjxeHHHM po peajiBHOCTi. MopejnoBaHHa BxipHo'i 
CTHMyjiapii CTOxacTHMHiiM npopecoM Bipo6paixae toii 4>axT, ipo peajibHi nocjiipoBHOCTi 
BxiflHHx CTHMyjiiB MaiOTb bhxjhohho HeperyjiapHiiii xapaKTep, a i'x CTaTHCTHxa to'iho 
H e 03HaneHa. ITpopec IlyaccoHa 6epeTbca, ax HaimpocTimiiH CTOxacTHHHim npopec. 

Ilpopecc IlyaccoHa MO>KHa BH3HaaiiTH hk MHOJximy mojkjihbhx TpaeKTopiii n(t), 
pe n(t) no3Hanae hhcjio BxipHHx iMnyjibciB, opepjxamix po MOMeHTy t, 3 BipnoBip- 
hhm nojieM HMOBipHOCTi Ha mil [8, rji. II, § 9]. /Ipa Hamux pijieii 6ijibme nipxopHTb 
eKBiBajieHTHHii onuc. 

B H,bOMy onuci MOixjiHBi TpaexTopi'i npopecy IlyaccoHa nopaiOTbca aepe3 nocjii- 
poBHi nacoBi MOMeHTH {li,l2,... ,lk, ■ ■ ■} opepixaHHa BxiflHnx iMnyjibciB. 3po3yMijio, 
ipo 


0 < h < l 2 < ■ ■ ■ < Ik < ■ ■ ■ ■ (4) 

IlyaccoHiBCbKa Mipa Ha pujimppHaHiix MHoaaiHax TpaeKTopiii, 03HaHeHiix aepe3 
nacoBi MOMeHTH opepjxaHHa nopift, Mae HacTynHHii Biirjiap: 

e- xll \dhe- Hl2 - ll) \dl 2 ... e- x(lk ~ lk - l) Xdl k , (5) 

# A — iHTeHCHBHicTB npopecy IlyaccoHa. Hp Mipa 3apoBOjibHae yMOBH y3ropixeH- 
HOCTi (pjia nepeBipKii cjiip BpaxyBaTii (4)), OTixe eflHHHM hhhom npopoBixyeTbca po 
cr-appiiTiiBHOi Mipn, y3ropixeHOi 3 TixomBCbxoio b R N Tonojiorieio, [9]. 

2.3 BiixipHHH noTix 

Kojih IHB opepjxye Bxipm iMnyjiBCH, to b peaxi momchth aacy Bip6yBaiOTbCH nocTpi- 
jih, to6to HeiipoH Hapcnjiae BiixipHiiii iMnyjibc (cnalix). Hama 3apaaa — oxapaxTepn- 
3yBaTH BiixiflHHH noTix iMnyjibciB. 

3ayBaiKHMO, ipo nicjia kojkhoto nocTpijiy HeiipoH omiHaeTbca b CTaHpapTHOMy 
CTaHi 3 1 = 0. Cthh BxiflHoro noTOxy (npopecy nyaccoHa) He3MiHHHii b aaci. OT>xe, 
BiixiflHHii noTix 6ype npopecoM BipHOBjieHHa i pjia iioro BiiaepnHo'i xapaxTepiiCTii- 
xh pociiTb 3HaTH ipijibHicTb P (t) HMOBipHOCTi po3nopijiy MbxiMnyjibCHHx (Mbxcnaii- 
xobhx) iHTepBajiiB, MCI. Bnpa3 P(t) dt pae HMOBipHicTb opepjxaTH MbxcnaHxoBiiii 
iHTepBaji b Meixax [I; t + dt[. H[io HMOBipHicTb MOixHa o6ancjiiOBaTH ax HMOBipHicTb 
toto, ipo nepmuii nocTpiji HeiipoHa Bip6ypeTbca aepe3 t opimupb aacy nicjia noaaTxy 
axTHBHOCTi BxipHoro npopecy (BMiixaHHa). IIpn pbOMy b momcht BMiixaHHa HeiipoH 
3HaxopHTbca b CTaHi cnoxoio: H(0) = 0. 

3apaaa BipmyxaHHa P(t) HajieaaiTb po xjiacy rpaHHHHiix 3apaa pjia BiinapxoBHx 
npopeciB i 3 bophtch po o6ancjieHHa aaciB nepmoro pocarHeHHa piBHa Vo . 3apaai Taxo- 
ro popy pocjiipixyiOTbCH b 3Ba3xy 3 MacoBHM o6cjiyroByBaHHaM, opiHxaMii pH3nxiB Ta 
iH. n P H pbOMy BiixopiiCTOByeTbca Mopejib cxjiapHoro nyaccoHiBCbxoro npopecy 3i 3He- 
ceHHaM (CHn3). 3oxpeMa, b [10, CTop. 125] Mopejib Cnn3 BiixopiiCTaHO pjia onncy 
HenpoHHo'i axTHBHOCTi (phb. Taxoix n.5, Hiuxae). B xoHTexcTi Heiipo4>i3HXH 3HeceHHa 
03Haaae npncyTHicTb nocTiliHoro 3a BejinaiiHOio rajibMiBHoro CTpyMy, axuii aacTxoBO 
xoMneHcye piio BxipHnx 36ypixyBajibHHx iMnyjibciB. CTpyM, axuii BiiHiixae BHacjiipox 
ejiexTpuaHiix BTpaT, He nocTiiiHHii, a nponoppiiiHiiii BejinaiiHi V(l). L(e yHeMOJxjiHB- 
jnoe 3acTOcyBaHHH Mopejii Cnn3 b CHTyapii, 03HaaeHifi b (2) (HaaBHicTb ejiexTpuaHiix 
BTpaT). 
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3 IcHyBaHHa P(t), HenepepBHicTB no t 

OflepacaHHa nepmoro nicjia BMHKaHHa nocTpijiy b MOMeHT t Bi,a, 6 yBaeTbca hkih,o Ma- 
iotb Micpe flBi He3ajiejKHiix noflii'. ,Z}pyra noflia — u,e oflepncaHHH BxiflHoro iMnyjibcy 
b iHTepBajii [t; t + dt[. ITepma no^ia nojiarae b TOMy, m,o Bci nonepe^Hi iMnyjibCH po3- 
TamoBaHi b naci Tax, m,o He BHKjiiiKaiOTb nocTpijiy, ajie ctbopioiotb Ha momcht t b 
HeiipoHi Taice 36yfl)KeHHH (y(t)), in,o oflepncaHHH HacTynHoro BxiflHoro b pen momcht 
BHKjiHne nocTpiji. Ilo3HaHHMO iiMOBipmcTb neprnoi nofli'i P(t). Topi myKaHa iiMOBip- 
HicTB Mae BurjiHfl 

P(t)dt = P(t)Xdt. 

03HaMeHHfl 1 nocAidoemcmt k exidnux iMnyAtcie, a6o uacoeux MOMenmie ix odep- 
otcaHHA {li,h, ■ ■ ■ ,h} Ha3ueaembCA M06Ha,3H0K> k-nocAidoemcmm, akui,o nid uac odep- 
mcclhha HeuponoM yux iMuyAtcie nocmpiAy He eid6yeaembCA npu odepMcanm 6ydb- 
AKOZO 3 HUX. 

Ilo3HaHHMO nepe3 Pfc,t, k = 1,2,, nopiio, axa nojiarae b TOMy, iu,o neprni k Bxi- 
flHHx iMnyjibciB, {Zi, I 2 , ■ ■ ., Ik}, CKjiapaiOTb MOBna3Hy fc-nocjiipoBHicTb, a opepncaHHH 
HacTynHoro BxipHoro b momcht lk+i € [t; t + dt[ BHKjniHe nocTpiji. Ilo3HaHHMO nepe3 
Pk(t) HMOBipHiCTB nOpil P k,t- 

TeopeMa 1 HMoeipmcmb Pk{t) icnye i nenepepena no t. 

^[oBefleHHH. Ilo 3 HaHHMO nepe 3 Vi 1 ...; i (x) HacTynHy 4>yHKH,iio 
i 

V h ... li (x) = hJ2 e ~ (X ~ h)/T - ( 6 ) 

3 =1 

5Ikhi,o {Zi ... Zi} MOBna3Ha nocjiipoBHicTb BxipHHx nacoBiix MOMeHTiB i x > U, to 
4>yHKD,m Vi 1 ...i i (x) pae BejniHiiHy 36yfljKeHHa b HeiipoHi b momcht x npu opepntaHHi 
HHM BxipHHX iMnyjibciB B MOMeHTH {Zl . . . Zi}. 

toto, 111,06 nocjiipoBHicTb {Zi, I 2 ,..., Ik} 6 yjia MOBHa3HOio Heo 6 xipHO i pochtb 
BHKOHaHHH HaCTynHHX yMOB 

v h {l 2 ) < Vo-h, V h i 2 {l 3 )<V 0 -h, ..., V, 1 ...i k _ 1 (lk)<Vo-h. (7) 

^}jih toto, 111,06 iMnyjibc b nacoBHH momcht lk+i £ [t; t + dt[ BHKjiHKaB nocTpiji Heo6- 
xipHO i pOCHTb BHKOHaHHH HaCTynHHX yMOB: 

Ik < t, (8) 

Vi 1 ...i k (t) > Vo - h. (9) 

MHOJKHHa peajii3an,iH npopecy IlyaccoHa Mk,t, aKa sipnoBipae nopi'i P^ it , 3apaeTbCH b 
R h yMOBaMH (4), (7), (8) i (9). Ockuibkh Bci pi yMOBH cjaopMyjiioiOTbCH 3a ponoMoroio 
HepiBHOCTeii, 3apaHHx HenepepBHHMii 3 R H b R 1 4>yHKpiHMH, to Mk,t — 6opejiiBCbKa 
i Pfc,t — KoppeKTHa nopiH. Otjkc, Pk(t) icHye. 

^}jih poBepeHHH HenepepBHOCTi Pk{t) no t cjiip opiHHTH pi 3 Hiipio 

\P k (t +At) - P k (t)\. (10) 

OcTaHHH pi3HHH,H pOpiBHIOe pi3HHH,i Mip (5) MHOJKHH Mk,t 1 Mk,t + /\t■ 1}h pi3HHH,H He 
nepeBimi,ye Mipn 6ijibmo! 3 abox mhojkhh: Mk,t+At\Mk,t i Mk,t\Mk,t+At- 
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MHOJKHHa Mk,t+At\Mk,t 3aflaeTbCH yMOBaMH (4), (7) i HacTynmiMii yMOBaMii 

t<lk<t + At, Vi i ...i k (t + At) > Vo — ft. 

Ilepma 3 h,hx yMOB PapaHTye, ih,o Mipa (5) mhoxchhii Mk,t+At\Mk : t Mae nopaflox 

0{At). 

MHC»KHHa Mk,t\Mk,t+At 3aflaeTbca yMOBaMH (4), (7) i HacTynmiMii yMOBaMH 
> Vo - ft, Vi 1 ...i k (t + At ) < Vo - ft. 

BpaxoByiOMii (6), nepmimeMO ocTaHHe b HacTynHOMy Biiraafli: 

Vb - ft < V h ...i k (t) < e At/T (V 0 - ft). (11) 

IIo3HaHHMO M^t MHOJKHHy B R N y TOMOK 3X01 nepini k KOOpflHHaT {Zl, . . . , Ik} Taxi, 111,0 
3aflOBOjibHaiOTb (11). A/a* KoppeKTHa noflia i A/ai D Mk,t\Mk,t+At- OTace, Mipa (5) 
mhojkhhh Mk,t\Mk,t+At He nepeBHiuye Mipn MAt■ KpiM Toro A /2 > Ati =>■ MAt 2 A 

A/At! i f) MAt. = 0. 3 ocTaHHboro cjii^ye, 111,0 rpaHiiu,a Mipn MAt. flopiBHioe Hyjiio 
At>0 

kojih At —> 0 i Te ac caMe Mae Micu,e fljia Mk : t\Mk,t+At- OTace, pi3Hiin,a (10) npaMye 
/i;o Hyaa xoan Ai —¥ 0 i HenepepBHicTb Pk(t ) flOBe^eHO. 

TeopeMa 2 HfiAmicmt, UMoeipnocmi MCI P(t) icuye i nenepepeua no t. 

T^OBefleHHa. 0aeBH,a,HO 111,0 BxiflHiiii iMnyaxc, aKiiii cnpuaiiHae nepmuii nocTpia Heii- 
poHa, Moace Mara HOMep n = 2, 3, ... i Bimaflxii 3 pi3HHMii n HecyMicHi, 3Bi,a,xH caiflye 

P(t)dt = ^ j P k (t)\dt. (12) 

fc>i 

IIpn cjaiKCOBaHOMy t xiabxierb fl04, aHK i B b (12) CKiHaeHHa. /JiiicHO, fljia Toro 111,06 
flBa i3oabOBaHiix nocai^OBHiix iMnyaBCii He BUKaiiKaan nocTpiay HeiipoHa bohh Ma- 
k)tb 6yTii po3^iaeHi npoMiacxoM He kopothihm Bi,a, T 2 , fle T 2 3HaxoflHTbca 3 yMOBH 
he~ T ^ T = Vo — ft, a 6 o 

T 2 = Wn^ 7 -. (13) 

IIpHcyTHicTb flOflaTKOBiix iMnyabciB aume nocHaioe 11,10 BHMory. TaxiiM hhhom fljia xo- 
acHoro t icHye Taxe Umax, mo po3MicTHTH Ha iHTepBaai ]0; /[ MOBaa3Hy m-nocamoBHicTb 
3 m > kmax HeMoacaiiBO i P m (/ 7 ) = 0 npn t' G]0;/[. OTace, P(t) xoppexTHO BH3Haaa- 
eTbca cyMMOio (12). 

flfOii flOBefleHHa HenepepBHOCTi P(t) caifl Toamme 3 ’acyBaTH axi flOflaHxn MicTHTb 
cyMMa (12). 03HaaHMO 3 u,iex) mctoio iu,e ofliiH aacoBHii iHTepBaa T 3 : Voe _T3 ^ r = Vo—ft, 
a6o 

Ts - rto Wrk- (I4) 

IIo/i,aMO MoacaiiBi 3HaaeHHa MCI ax o6’e,a,HaHHa mhoxchh, 111,0 He nepeTHHaiOTbca: 

OO 

]0;oo[=]0;T 2 ] + ^]0 m ;B m+ i], (15) 

m =3 
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0m = T 2 + (m - 3)T 3 , m = 3,4,..., 0 2 = 0. 

0m e MmiMajibHOio flOBaaiHOio MOBaa3HOi (m — l)-nocjiiflOBHOCTi, fle flOBJKHHa nocai- 
flOBHOCTi {Zi, fa, ■ ■ ■, Ik} BH3Ha'iae:TbCM hk Z*, — fa. ,Z(mcHO, nocaiflOBHicTb 3 

fa =0, fa = 03, • • • , lm -1 = 0m (16) 

MOBMaaHa, ocKijibKH 3 03HaaeHb T 2 , T 3 cjii^ye, m;o flaa nocaiflOBHOdi (16) MaiOTB 
Micn,e HacTynHi piBHOCTi: 

V h (l 2 ) = V 0 -h, Vi lh {l 3 ) = Vo - h, ..., Vi 1 ...i m _ 2 (l m -i) = V 0 -h. (17) 

3MeHmeHHH MaccmoY BiflCTam Miac 6yn,b-aKHMH flBOMa cyciflHiMH iMnyjitcaMn npuBe^e 
flo nopymeHHa oflHo'i 3 piBHOCTefi (17) 3 3aMiHOio “= Vo — h” Ha “> Vo — h” i flo 
nocTpiny b MOMem o,a,epa;aHHH flpyroro 3 hhx. CKa3aHe ,a,03Boaae nepenucaTii (12) 
HacTynHHM hhhom 

m — 1 

P(t)dt = ^2 Pk(t)Xdt, te]©m;©m+i], m — 2,3,..., (18) 

k=i 

3BiflKH cjiiflye HenepepBHicTb P(t) Ha iHTepBaaax ]0 m ; 0 m +i[ hk cyMMii CKiHHeHHoro 
HHCJia HenepepBHiix 4>yHKH,iii. ,I(aa 3aBepmeHHa caifl flOBecTii HenepepBHicTb P(t) b 
TOHK ax 0 m +i, m = 2,3,.... ,I(aa pboro flociiTb flOBecTH piBHicTb 

-Pm(0m+i) = O, m = 2,3, - (19) 

OcTaHHe BiraanBae 3 Toro, iu,o 0 m +i — HaiiMeHina flOBaama MOBaa3Hoi' m-nocaiflOBHOCTi. 
HafiKopoTma m-nocaiflOBHicTb, axa Moace 6yTii po3Mim,eHa Ha Bi,api3Ky [0; 0 m +i] SflH- 
Ha. BoHa Mae aacoBi MOMeHTii craHaaem b (16) i l m — 0m+i ■ OTace, pHjiiH^pHHHa 
MHoacHHa M m ,e m+1 Mae b ocHOBi H,iiaiHflpa oflHy ToaKy 3 R m i HMOBipHicTb nofli'i 
Pm,e m+1 flopiBHioe Hyaio, ih,o ^oboahtb (19). 

4 OKpeMi /(o^aHKH b (18) 

TJaa k = 2, 3,... BBefleMO HacTynHi no3HaaeHHH 

P®(t)\dt —HMOBipmcTb OTpuMaTH Zc-nocai,n,OBHicTb {Zi, fa-i, fa € [t; t + dt[} Taxy, 
ih;o {Zi,..., fa- 1 } MOBaa3Ha. 

P- ( t)Xdt — HMOBipHicTb OTpiIMaTH MOBHa3Hy {Zl, . . . , Ik- 1 , fa 6 [fat + dt\}. 

3 03HaaeHb cai,nye, 111,0 

Pk (t) = 0, 3KIHO t €]0; 0fc], p~(t) = 0, 3KIHO t€]O;0fc+i], 

a TaKO>K 

Pk(t)\dt = Pk + 1 (t)\dt — P^ + 1 (t)\dt. 

BHKopucTaBHiH ocTaHHe nepenimieMO (18) b HacTynHOMy BHraafli 

m —1 

P(t)dt = ^2 ( P°(t)\dt — P}7 ( t)Xdt ) + P° n (t)Xdt, t e]0 m ; 0m+i], m > 2. (20) 

k =2 
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( 21 ) 


3oKpeMa, P(t)dt = P 2 (Z)AdZ axipo Z G]02; 63 ], fle 

P° (t)\dt = Xte~ Xt Xdt, 

3ayBa>KHMO, ih,o axipo pnn s > 0fc+i Bnpa3 PjT (s) Ads ,n,ae HMOBipmcTb oflepacaTH mob- 

na3Hy fc-nocjiiflOBHicTb {Zi,..., Z*_ 1 , fa G [s;s + ds[}, to Biipa3 P^ (s)Ads e~ x< ' t ~“^X dt 

fljia Z > s flae HMOBipHicTb oflepacaTH (k + l)-nocjii,a,OBHicTb {Zi,..., fa- 1 , Ik G [s; s + 
ds[, lk+i G [1; Z + dZ[}, TaKy, 111,0 niflnocjiiflOBHicTb 11 nepmiix k nacoBiix MOMeHTiB 
MOBMa3Ha. 3 CKaaaHoro cjii,nye HacTynHe 

t 

f Pk (s)Adse _A(t_s) Adl = Pk+i(t)Xdt, Z > 0 fc+ 1 , k = 2,3,.... (22) 

©fc+i 

OTace, 3Haxo,a,>KeHHa aBHoro Biirjia,a,y ,n,oflaHxiB b cyMMi (20) 3BOflHTbca flo 3Haxo- 
flxceHHa 3 bhhx BiipaaiB ,a,jia 4>yHXH,iii P^ (Z), k — 2,3,.... Hn>K>ie mh BxaayeMO aBHi 
Biipa3H fljia d,hx 4>yHKn,iii y Burjiafli KpaTHiix iHTerpajiiB. OOancjieHHa caMiix iHTerpa- 
jiiB BHKOHaHO fljia k = 2, 3. 

5Ix Bace BiflMiaajiocb Binu,e, P f 7 (Z) = 0 npn Z G ]0; 0fc+i] i npn t = 0t+i icHye tosho 

oflHa MOBaa3Ha fc-nocjiiflOBHicTb rany {Zi,...,Zfc_i,Zfc = 1}, a caMe {02, 03, • • •, 0fc+i}- 

{{jia Z > 0fc+i HMOBipHicTb oflepacaTH MOBna3Hy fc-nocaiflOBHicTb rany {Zi,..., Ik- 1 , Ik G 
[Z; Z + dZ[} CTporo no3HTHBHa. flpn 11 o6ancjreHHH caifl npoiHTerpyBaTii Biipa3 

e~ xh Xdfae~ x(l2 ~ h) Xdl 2 ... e~ x(t ~ lk ~ l) Xdt 


no MHonami 3HaneHb xoopflimaT Zi, Z 2 , - - -, Zfc_i Taxux, 111,0 3a6e3nenyiOTb BiflcyTHicTb 
nocTpijiiB npn oflepacaHHi iMnyjinciB b MOMeHTii Zi, Z 2 , ■ ■ •, Z*,_ 1 , Z: 

h 

Pk (t)Xdt = e~ xt X k dt J dp 

h. 

pe BepxHi i HiiacHi rpamipi iHTerpyBaHHa cjiifl BH3HannTii. Hiiaori rpaHupi BH3Hanaio- 
TBca 3 yMOB, ih,o npn oflepacaHHi iMnyjibciB b MOMeHTii Zi, Z 2 , • ■ ■ ,lk- 1 , Z He Mae Bi,a,6y- 
thcb nocTpijiy. OaeBHflHO, fa = 0. B 3arajibHOMy Biina,n,xy U +1 (Zi,..., li) Bii3HaaaeTbca 
3 yMOBH Vl 1 ...l i { lj+ 1 ) = Vo — h, 3Bi,Z],KH 

Zj+i (h ,., •, U) = T 2 + t In 

BepxHi Mead iHTerpyBaHHa b (23) 3ajieacaTb flOflaTKOBO Bifl 3HaneHb k i Z: fa +1 = 
Zi+i(fc, Z, Zi,... ,h). n P H n,bOMy Zi+i (k,t,fa,... ,li) Mae 6yTH Bii6paHa Tax, ih,o 6 3a6e3- 
neaiiTH MoacjuiBicTb po3Mini,eHHH MOMeHTiB nacy U+ 2 ,..., Ik- 1 , Z Tax, 111,0 pe3yjibTyiOHa 
fc-nocaiflOBHicTb {Zi, ..., li+i ,..., Ik- 1 , Z} He flae nocTpiaiB. 

^{jia BH3HaneHHH Zi+i(fc, Z, Zi,... ,li) npn Bace 3ac{)ixcoBaHHx fa,... ,li i Z caifl 3a- 
yBaacHTii, m;o 3 yMOBH BiflcyTHOCTi nocTpijiiB cjiiflye, ih,o npn BiiOopi Haii6ijibHiHx mo- 
acjiHBiix 3HaaeHb fljia U+i, Zi+ 2 ,..., Ik -1 BHXOHyiOTbCH HacTynHi yMOBH: 

77+7 (^*+ 2 ) = Vo — h, (25) 


£■ 




2 = 1 , 


,k — 2. 


(24) 


I 2 Ik — 1 



^2 ^ fc -1 


V,, 


■ifc—i (z) =Vb-ft. 
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3 ocTaHHboro cjiiflye, ih,o npn Bii6opi Haii6ijii>mHx mcokjihbiix 3HaneHb fljia li+i, h+ 2 , ..., Ik- 1 
BHKOHyiOTbca HacTyimi y mobh : 

L+3 — ^i+4 L_|_3 — • • • — t Ik — 1 — ^3- 

OT>Ke, Haii6ijibme MOJKjiHBe 3HaaeHHa .zyia U+2 

r i+2 = t-(k-i -2 )t 3 . 

Zi+i(fc, t,l i,.. ■, U ) Tenep mojkhb 3HaiiTH niflCTaBHBmn Z( +2 3aMicTb Zi+ 2 b (25): 

li+i(k,t,h ,... ,Z<) = rln ^ e (*-®*+i-*)A _ ^ ^7^ ; i = 0 , ...,k — 2. (26) 

OopMyjia (23) pa30M 3 4>opMyjiaMn (24), (26), aid b aBHOMy BHrjia,a,i 3aflaiOTb Mead 
iHTerpyBaHHa b (23), flae hbhhii Biirjiafl .zyia HMOBipHOCTeii P f 7 ( t)Xdt, k = 2,.... 


4.1 06HHCJieHHa nepniHx flo^amciB b (20) 

QyHKii.iio po 3 noflijiy P(t)dt Ha nepmiix flijiaHKax pcebiiTTa ( 15 ) Tenep MOJKHa 3 Ha 0 TH 
b sBHOMy Biirjiafli. 06 nHCJieHHa 3 a 4 >opMyjioio ( 23 ) npn k = 2 , a 6 o k = 3 flaiOTb 


P 2 (t)=e- Xt \(t-T 2 ), t > 0 3 , 


P 3 -(Z) = e A ^(t - 2T 2 )(i - 0 4 ) - -(t - 0 4 ) 2 J + 

+ e~ Af (rA ) 2 [hh ^e ( ' T2_t ^ r j — Lh (e _T3/V ^ , Z> 04, 


( 27 ) 

( 28 ) 


fle Li 2 no3Hanae flijiorapntjjM. 

Ha ocHOBi 4 >opMyji ( 27 ), ( 28 ) i ( 22 ) Moaoia 3 HaiiTH peniTy flOflaHKiB b ( 20 ) fljia 

3HaneHb Z < 0 5 : 


P°(t)=e 


-At A \t-T 2) 2 


t > 0 3 , 


P°(t) = e~ xt — (04 - t) 2 (2T 3 - m + t)+ 

D 


( 29 ) 

(30) 


+ e At r 2 A 3 (04 — Z)Li 2 (e T3 ^+ 

+ e _At (rA) 3 (Lis (e- T3/r ) - Li 3 ( e (T2 -* )/T )) , t > 0 4 , 
fle Li 3 no3Hanae TpujiorapiKj^M. 

HbhI Bnpa3H (21), (27)-(30), flaiOTb hbhi Biipa3H fljia cjsopMyjin (20) Ha noaaTKOBm 

flijiaHip 3HaneHb t\ 

P 2 {t)\dt, t € ]0; T 2 ], 

(P2(t)-Py(t) + P$(t))\dt, t € }T 2 \ T 2 + T 3 ], 

P(t)dt — ( / 3 \ (31) 

£ (f£(t) - py(t)) + P!(t) \dt, t £]t 2 + t 3 -t 2 + 2 t 3 ], 


,a,e T 2 , T 3 flaMTbca 4>opMyjiaMH (13), (14). LpacjoiK Biipa3y (31) noKa 3 aHO Ha Maji. 

1(a). 

3 MeTOio nepeBipKii oflepacaHiix Bnpa3iB 6 yjio po3paxoBaHO nucejibHO xifl 3ajie>KHO- 
CTi P(t) Ha Biflpi3Ky t €]0; 0s] fljia neBHux 3HaaeHb napaMeTpiB A, r, Vo, h. OflepacaHy 
3ajie»cHicTb noflaHO Ha Maji. 1(b). 
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t/s t/s 


Phc. 1: mijibHicTb HMOBipHOCTi ^ob/kiih MCI, P(t), (a) 3HaiipeHa aHapiTHPHO 
3a (J)opMyjiaMH (31); (b) 3Hai*meHa piiceptHO, ciiMypppieio 3a MeTopoM Mome 
Kapjio. TyT A = 62.5 c _1 , r = 20 mc, Vo = 20 mB, h = 11.2 mB. 

5 OSroBopetma 

OpepiKaHiin po3nopiji Mae jiOKajibHHii MiHiMyM Ha iHTepBajii ]03; 0s] npn flea khx 3Ha- 
leHHiix napaMeTpiB, Man. 1. TaKoro MimMyMy He onucaHO paHime pjra po3paxyHKiB b 
MejKax fliKjxbysiiiHoro Ha6jiHJKeHHH, xona MyjibTHMopajibHicTb b eKcnepuMeHTajibHiix 
ricTorpaMax nacTO cnocTepiraeTbcs 4 . Ilpn pHc[)4>y3iHHOMy HaBjiiixceHm, pjia reHepapi'i 
opHoro cnaiiKy noTpibHO opepacaTii Heo6Me>KeHy KijibKicTb BxipHiix iMnyjibciB, Topi hk 
b pami! po6oTi yMOBa (1) 3a6e3nenye MoacjniBicTb nocTpijiy Bate npn pi'i pbox 6jih3b- 
ko po3TamoBaHnx b naci iMnyjibciB. H[e Moace iiohchhth MyjibTHMopajibHicTb Man. 
1. AIjih MaTeMaTHHHiix Mopejieii, aid KOMbmyiOTb pHc]x]:>y3iiiHMM npopecc 3 BunaflKO- 
BHMH CTpil6KaMH CKfflHeHHOi BejIHHHHH, B HHCejIbHIlX p03paxyHKaX TaKOJK OTpHMaHO 

MyjiBTHMOflajiBHicTb rycTHHii po3nopijiy HMOBipHOCTeS, [2, Fig. 5.4]. 

OxpeMO cjiip BiflMiTHTH po6oTy [11], pe po3nopiji MCI o6niicjieHO 6e3 3acT0cyBaH- 
hh pii4w]iy3iHHoro Ha6jiiiJKeHHH. B pin po6oTi 3aMicTb (2) npimycKaeTbca, ipo opepxca- 
hhh iMnyjibc 36epiraeTbca b HeiipoHi b He3MiHHOMy Burjrapi npoTHroM BiinapKOBoro 
npoMijKKy nacy nicjia noro 3HHKae. Ha nepinini norjiap, pe cepiio3Ha BipMiHHicTb 
Bip peTepMimcTHHHoro eKcnoHeHpiiioro po3napy (4>opMyjia (2)), hkhii Mae Micpe b 
peajibHHx HeiipoHax. Ajie pjis 36ypiKeHHH HeiipoHa BajKjiHBiiM e HacoBiiii xip KOMnjie- 
KCHoro nocTCHHanTHHHoro noTeHpiajiy, hkiih e cyMMOio BHecidB Bip Bcix opepacaHHx 
iMnyjibciB. B npimyipeHHHx po6oth [11], peajibHHH xip KOMnjieKCHoro nocTCHHanTH- 
HHoro noTeHpiajiy anpoKCHMyeTbca CTyniHbKOBOio cJiyHKpieio. Tana anpoKCHMapm tiim 
TOHHima, hum 6ijibme iMnyjibciB Heo6xipHO pji h 36ypiKeHHH HeiipoHa po noporoBoro 
3HaneHHH. B [11] 3HaiipeHi po3nopijin po6pe y3rop:>KyiOTbcs 3 eKcnepiiMeHTajibHiiMii 
kojiii MCI He KopoTini Bip 60 mc. 3a peii nac HeiipoH opepacye 3HanHy KijibidcTb Bxi- 
Phhx iMnyjibciB, ipo noacHioe opepacaHini b [11] po6pini 36ir 3 eKcnepiiMeHTajibHiiMii 
ricTorpaMaMii. 

Hiopo nopiBHHTii opepxcam TyT cJiopMyjiH (20), (23) 3 cJiopMyjiaMH (2), (3) po6oth 
[12] pjia 3B’H3yiOHoro HeiipoHa (3H) 3 noporoM 2, to Moaoia homIthth i'x CTpyKTypHy 
nopibmcTb. ll^c noacHioeTbCH thm, ipo yMOBa (1) 3a6e3nenye noBepiHKy IHB nopibHy 
po 3H 3 noporoM 2 b KOHTeKCTi nippaxyHKy BHecKiB onpeMiix nopiii b HMOBipmcTb 
noporoBoro 36ypaceHHH. 

4 f H,jra HeiipoHiB BKjnoneHiix b HeiipoHHy Mepeacy rojiOBHOio npHHHHOio MyjiBTHMopajiBHOCTi 
e 3aTpiiMaHi b naci 3BopoTHi 3b’h3kh. 
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